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Abstract—With the increasing adoption of millimeter-waves
(mmWave) over cellular networks, outdoor-to-indoor (O2I) com-
munication has been one of the challenging research problems
due to high penetration loss of buildings. To address this, we
investigate the practicability of utilizing reconfigurable intelligent
surfaces (RISs) for assisting such O2I communication. We pro-
pose a new notion of prefabricated RIS-empowered wall consist-
ing of a large number of chipless radio frequency identification
(RFID) sensors. Each sensor maintains its own bank of delay
lines. These sensors which are built within the building walls
can potentially be controlled by a main integrated circuit (IC)
to regulate the phase of impinging signals. To evaluate our idea,
we develop a thorough performance analysis of the RIS-based
021 communication in the mmWave network using stochastic-
geometry tools for blockage models. Our analysis facilitates two
closed-form approximations of the downlink signal-to-noise ratio
(SNR) coverage probability for RIS-based O2I communication.
We perform extensive simulations to evaluate the accuracy of
the derived expressions, thus providing new observations and
findings.

Index Terms—Millimeter-wave (mmWave), outdoor-to-indoor
(02I) communication, reconfigurable intelligent surface (RIS).

I. INTRODUCTION

In recent years, the adoption of millimeter-wave (mmWave)
spectrum has significantly drawn attention due to its wide
available bandwidth for high data rate wireless communication
in fifth generation (5G) and beyond cellular systems. Despite
the wide bandwidth availability, there are also challenges to
overcome. In particular, the mmWave communication range
is often limited due to its unique propagation characteristics
[1], [2]]. For instance, outdoor-to-indoor (O21) communication
has yet to be supported by mmWave networks due to the
large penetration loss of building materials, such as concrete
walls and metal frames. Such obstacles block mmWave signal
transmissions from an outdoor base-station (BS) to an indoor
user equipment (UE) inside the buildings. To this end, it is
desirable to aid O2I communication to overcome the blockage
and potentially improve the signal-to-noise ratio (SNR) with
a newly proposed concept — known as software controlled
metasurfaces [3]].

At a high-level, our primary focus in this work is on
exploiting such a metasurface architecture that acts as an
O2I refractor. It is based on our novel idea of developing
wall-based fabrication consisting of several radio-frequency-
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identification (RFID) [4] sensors. To elaborate, the chipless
RFID sensors fabricated into the wall thickness with two
outdoor and indoor antennas will form a system to transit
the signal from O2I space. We adopt mathematics as a tool
for reasoning the feasibility of the proposed system with
approximations for the signal strength and O2I communication
and also estimating the blockage effect.

A. What is a Software Controlled Metasurface?

Software controlled metasurfaces have recently attracted
much attention for the sixth generation (6G) of wireless
communications and beyond [5]], [[6]. These surfaces which
are commonly known as reconfigurable intelligent surfaces
(RISsﬂ [7] have given rise to the emerging concept of smart
radio environments [8]] and are to provide an unprecedented
degree of freedom in engineering wave-matter interactions
for a broad range of the operational frequencies ranging
from microwave to mmWave bands [3]. RIS can turn the
wireless channel, which is highly probabilistic in nature, into
a controllable and partially deterministic phenomenon [9].
Specifically, RISs enable network operators to control the
reflection, absorption, and refraction characteristics of the
radio waves in an energy efficient-way [/7].

Each RIS is a nearly-passive smart surface including two
parts: 1) passive part containing a large number of low-cost
full-duplex passive elements, i.e., unit cells, and 2) a simple
active integrated circuit (IC) acting as the wavefront controller
[10]. The passive RIS-elements are man-made electromagnetic
sensors that are intelligently controlled by the main IC to
effectively control the wavefront characteristics such as phase,
frequency, amplitude, and even polarization of the impinging
signals [5]-[7]], [9]. These passive sensors are always on and
can reflect, refract, or even absorb the impinging signals at all
time [[11]]. In [12]-[15]], comprehensive overviews characteriz-
ing the performance of RIS-assisted communications affecting
the propagation environments can be found.

B. Recent Works

The recent advances and research of the RIS [16]—[23] has
mostly been concentrated on its ability to reflect. This is re-
flected for example by the recent design in analytic framework
for quantifying the ergodic capacity of the RIS-aided reflection
models, as investigated in [[16]]. In [[17], the reflection impact
of large-scale RIS deployments on the cellular networks was
studied. In [19], an analytical probabilistic framework for

' Throughout this paper, we use term RIS to refer to any type of intelligent
walls and metasurfaces.
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(a) RIS acts as a concave mirror. (b) RIS acts as a concave lens.

Fig. 1: Reflection & refraction of the signal rays towards a UE when a) the
UE is located in the same side of the serving BS and b) the UE is in the
opposite side.

successful reflection of RIS was provided. In [21]], an optimal
linear precoder along with an RIS deployment in a single
cell for multiple UEs was used to improve the coverage
performance of the communications. In [22]], a characterization
of the spatial throughput for a single-cell multiuser system
assisted by multiple RISs that are randomly deployed in the
cell was provided. It showed that the RIS-assisted model
outperforms the full-duplex relay-aided counterpart system in
terms of spatial throughput when the number of RISs exceeds
a threshold. Most recently, an investigation in [23]] discussed
the potential use-cases of RISs in future wireless systems
using a novel channel modeling methodology as well as a new
software tool for RIS-aided mmWave networks. However, in
the aforementioned studies, RIS works as a reflection surface
(e.g., like a concave mirror), as shown in Fig. [I] (a), while its
refraction ability/use-cases studies (e.g., acting as a concave
lens) are limited (as shown in Fig. [I] (b)). Since the RISs
are mostly supposed to be surfaces hanging over walls, e.g.,
concrete walls, a question comes to the mind that if the UE
is located in the other side of the wall, can the incident signal
be refracted through the RIS-empowered wall to reach the UE
with enhanced SNR?

From the geometrical optics perspective, both the anoma-
lous reflection and refraction at the metasurface can be de-
scribed by the generalized laws of reflection and refraction,
respectively [[14]]. Motivated by the refraction purpose, in [24]],
it is experimentally verified that an acoustic cell prototype
can provide enough degrees of freedom to fully control the
refraction angles of 60, 70, and 80 degrees. Moreover, in [25]],
an overview was conducted to show that ideal refraction is
feasible only if the metasurface is bianisotropic with weak
spatial dispersion. This effect is described by the relations
between the exciting electric and magnetic fields and the
induced polarizations in the RIS-sensors. Nevertheless, these
proposed RIS prototypes are not able to overcome the building
penetration loss and deliver the incident signal in mmWave
band to the other side of, e.g., a concrete wall.

C. Outdoor-to-Indoor Communication in MmWave Band

In the mmWave band, it is challenging to serve an indoor
UE by an outdoor BS because of the large penetration loss of
the building materials and almost total blockage of building
walls [26]]. In [26]-[28], the indoor coverage at mmWave band
in a building with an outdoor BS was studied. It is illustrated

(a) Large antenna array at the BS executes high-power and narrow beamform-
ing to penetrate building materials.

(b) Relay-aided model. BS targets the relay which transfers the signal into
the indoor space using some types of low-loss conductors.

(c) RIS-aided model. Small antenna array at the BS sends a wide beam towards
the building where the UE is located at. RIS acts as a transition wall to refract
the signal towards the indoor UE.

Fig. 2: Comparison between traditional, relay- and RIS-assisted O2I commu-
nication in mmWave cellular networks.

that the O2I coverage at mmWave band is quite difﬁcul
and the throughput is seriously affected, depending on the
wall materials. Consequently, due to the large penetration loss,
enabling the O2] communication needs ultra high power beams
that can penetrate the building materials and reach the UE
as shown in Fig. [2] (a). However, forming such narrow and
high power beams at the BS requires a large antenna array
that might be complex and challenging and also restricted by
federal laws.

In the academia and industry, the potential proposed solution
for O2I communication is relay-aided systems [29], [30]]. As
shown in Fig. E] (b), in this model, which is also known as
either small-cell or femto-cell concepts for coverage extension,
an active relay is placed somewhere on the outdoor side of the
building (usually on the roof) where it is exposed to the out-
door BS’s beam. Then, the message is processed and carried
by some types of low-loss conductors (e.g., fiber optic wires or
other wave-guide designs [29]) towards the indoor transmitter
antenna to be sent towards the indoor UE. The relay-aided
communications are proposed in both half- and full-duplex
models and require expensive hardware components. However,
in [5]-[7], [29], it is shown that full-duplex relaying has a
number of drawbacks such as signal processing complexity,
noise enhancement, power consumption and self-interference
cancellations at the relay stations. Therefore, the active relay
usually operates in half-duplex mode and is thus less spectrum

%It is noteworthy that this difficulty can be expanded to indoor-to-indoor
communication. However, we only focus on O2I scenario in this study.



efficient and still more complex and expensive than the passive
RIS that operates in full-duplex mode [5]].

D. Scope and Organization

Our aim to fill the gap for O2I mmWave communication
start with the feasibility analysis of a new intelligent wall
architecture for intelligent transition of the signal from outdoor
to indoor space as shown in Fig. 2] (¢); and then we model its
performance in the presence of different blockage scenarios
for both outdoor and indoor spaces. The contributions of this
paper are summarized as follows.

e We propose a new RIS architecture that acts as an
O2I refractor. In particular, different from the traditional
adhesive ultra-thin RIS layers, we propose a new prefab-
ricated RIS-empowered wall which is equipped by a large
number of chipless RFID sensors, operating in mmWave
band. Sensors are in fact built into the concretd’] wall as
shown in Fig. 2] (c).

o The chipless RFID sensors are built into the wall thick-
ness with two outdoor and indoor antennas that can transit
the signal from O2I space and converge the dispersed
received signals by the wall towards an indoor UE. In
fact, each RIS-sensor contains a bank of delay lines and
are controlled by a main IC to adjust the phase-shift of
an impinging signal and perform passive beamforming
and enhance the SNR at the UE. We derive closed-
form approximations for the SNR coverage probability
of the RIS-assisted O21 communication model utilizing
stochastic-geometry tools for blockage models.

o We show that the proposed RIS-assisted model provides
a diversity gain due to the wide surface of the RIS. As
a result, it reduces the blockage probability significantly
compared to the similar relay-aided counterpart, shown
in Figs. |Z| (b) and (c), and increases the chance of a
successful O2I communication. Moreover, the proposed
model does not require complex large antenna arrays at
the BS for overcoming the penetration loss of the building
materials shown in Fig. |Z| (a).

The rest of the paper is organized as follows. In Section
II, we present the system model of the RIS-assisted O2I
communication in mmWave band. Then, the principles of the
blockage model are discussed in Section III. Subsequently,
the SNR coverage analysis of the RIS-assisted model is
provided in Section IV. Simulation results and comparisons
are discussed in Section V. Finally, Section VI concludes the
paper.

Notation: The 2-norm and absolute value of a and a are
denoted by ||a|| and |a|, respectively. (.)7 and © denote
the transpose operation and element-wise multiplication, re-
spectively. CA/(a, R) represents the distribution of circularly
symmetric complex Gaussian (CSCG) rendom vectors with
mean vector a and covariance matrix R. The Gaussian Q-
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function is given by Q(z) = \/% [ e da.

3The proposed architecture is not limited to the concrete and can be
expanded to other materials, e.g., wood, brick, etc.
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Fig. 3: System model illustration.

II. SYSTEM MODEL DESCRIPTION

Suppose a single cell scenario with an outdoor BS in a
distance of R from a building of interest where the UE is
located at as shown in Fig. 3] We focus on downlink SNR
coverage experienced by a UE which is equipped with an
omni-directional antenna and the BS communicates with it
on mmWave bands. Since in mmWave frequencies, signals
are more disposed to be blocked by natural obstacles in the
communication area, there can be different types of obstacles
classified as static and dynamic blockers in the communication
area as shown in Fig. [3] Obviously, there is no line-of-sight
(LoS) link between the outdoor BS and the indoor UE. Instead
there is an RIS-empowered wall crossing the wireless channel.
In the following, we propose the system model in six stages.

A. Stage 1: At the BS

At the BS, a uniform planar square phased-array (UPA) of
M antenna elements, ie., VM x VM grid, is deployed to
exploit the beamforming in the mmWave band towards the RIS
with a total of N passive sensors. Let s(¢) and w;, € CM*!
represent the base-band message in the time domain and the
constant weight vector at the BS, respectively. Note that wy,
controls the gain of the beam steered towards the RIS. We
assume that the peak effective radiated power (ERP) of the
beam targets the center of the RIS wall. Specifically, if r,,
denotes the distance between the m™ antenna and the center
of the RIS wall, then the time-aligned transmitted signal from
the m™™ antenna is

s(t-"mor) zs(t_mro—rm_m), M)
c c

where ¢ and 7, represent the wave-speed and the time delay
of m™ antenna where m = 0,--- , M — 1, respectively. Addi-
tionally, 0" antenna is set as a reference antenna. In fact, wy
entries correspond to these time delays which are associated
with the phase-shifts at the BS antennas. 7,,, only takes a finite
number of discrete values and is given by 7,,, = “0—=. Thus,
the transmitted beam which is a superposition of effects of M
antennas can be written as

z(t) = ws(t). )

The array gain is assumed to be constant for all angles. It
is noteworthy that the signal ray targeting the origin of the
RIS becomes a superposition of M phase-aligned signals, i.e.,
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(a) Chipless RFID sensors are built into the concrete wall conducting the
incident signals from outdoor to indoor space.

Bank of delay lines

(b) Each chipless RFID sensor includes receive and transmit antennas along
with a bank of delay lines that can be controlled by the phase-shift controller to
adjust the phase-shift at the sensor and execute passive beamforming towards
the indoor UE. Discrete delay lines result in discrete phase-shifts.

Fig. 4: A prefabricated RIS-empowered concrete wall.

z(t) o< Ms (t — ); and consequently, the peak ERP of the
beam scales up by M2,

B. Stage 2: BS-RIS Link

The signal transmitted from the BS experiences a large-
scale pathloss indicated by L = C;, R~* where Cr, and « are
the intercept of the large-scale fading and pathloss exponent,
respectively [31]. In addition, suppose that S, € CM*N
denotes the steering matrix of the BS phased-array towards
the RIS-sensors.In fact, S, is made by column vectors of
f, € CM>1 for n =0,---, N — 1, each refers to the steering
vector towards n™ RIS-sensor. Then, the signal rays travel
through N paths with baseband equivalent channel vector of
h = [ho, -+ ,hny_1]T concatenated with outdoor blockage
vector of bo" = [b2",--- b ;] b € {0, 1} to reach the
RIS-sensors as shown in Fig. {4 (a), i.e., b%" = 0 means the
n'M link is blocked. Then, the BS-RIS channel matrix, denoted
by H € CN*M is given by

H = [diag(b*™)] x [diag(h)] x S{. 3)

We assume that the half-power beamwidth of the transmit-
ted beam covers the RIS. Subsequently, the n" RIS-sensor
receives a portion of the peak ERP associated with steering
vector f,, but indicated by a factor Gy(¢y,6,) € (0.5 1] in
direction of (¢,,0,) from the reference antenna at the BS.
The exact magnitude of Gy,(¢,,,0,) can be measured once for
all sensors since the BS and the RIS are stationary. We assume
that Gp(¢.,0.) = 1 is associated with the peak ERP targeting
the central RIS-sensor. As a result, the received signal at the
n® RIS-sensor is given by

yn(t) = VL3 bty 2(t) = \/Gy(én, 0n) L3 B Ms(t).  (4)

Fig. 5: 2-dimensional steering orientation shift at the RIS.

Throughout this study, the outdoor space is assumed to be a
static environment with random blockages. In other words, the
BS, the RIS, and reflecting/scattering objects are assumed to
be stationary. The BS and the RIS are both at high altitude
above ground so that there is no reflection from low altitude
random objects on the ground as well. Thus, the path gains are
assumed to either be fixed or vary slowly. As a result, h,, for
all N paths can be modeled as deterministic channels. Note
that the remaining random obstacles are assumed as perfect
blockers without reflection/diffraction and are modeled as a
blockage factor b0

C. Stage 3: At the RIS

At the third stage, the RIS receives the signal and refracts
it towards the indoor UE. In this study, by taking advantage
of chipless RFID sensors implemented in mmWave band [32],
[33]], we propose a prefabricated RIS wall architecture where
many of these passive chipless RFID sensors are built within
the concrete wall as shown in Figs. [Z_f] (a) and (b). In fact, the
chipless RFID sensors that are built into the wall thickness
with two outdoor and indoor antennas are able to transit the
signal from O2]E] space and converge the dispersed received
signals by the wall towards an indoor UE. Motivated by
this, Fig. [ (b) illustrates that each chipless RFID sensor
contains a bank of delay lines. Next, the phase-shift controller
decides that each sensor uses a specific delay line for phase-
shift adjustment to execute a passive beamforming towards
the indoor UE. Here, the time delay is associated with the
phase-shift. There is extensive efforts in the literature (e.g.,
in [32]-[34]] and references therein) where similar passive
chipless RFID sensor structures with passive components are
proposed and it is shown that the cost of these low-cost
chipless RFID sensors is expected to be about 10-20 euro-
cents [34]. However, evaluating the electronic circuit of the
sensor in details is beyond the scope and space of this paper.

Let A € CNV*¥ denote the diagonal phase-shift controller
matrix at the RIS. Similar to the beamforming procedure at
the BS, A diagonal entries are in fact passive beamforming
coefficients that are made by the selected time delay lines
in the passive RIS-sensors and are associated with phase-
shifts indicated by e’“» for n** RIS-sensor. To be specific,

“Note that the usual RIS-elements in the literature operate in full-duplex
mode since the whole unit cell is in the same space (i.e., either in outdoor
or in indoor space). However, the proposed chipless RFID sensors are built
into the wall and each of its antennas operates in a different space, i.e., either
outdoor or indoor. Therefore, the sensors can only operate in half-duplex
mode due to separated Tx and Rx antennas. In this study, the sensors are
hired for downlink transmission. Nevertheless, similar cheap sensors can be
deployed in parallel but in opposite direction for uplink signals to provide the
full-duplex transmission. Here, we just focus on downlink scenario and omit
the uplink scenario without loss of generality.



A controls steering orientation of the passive beamforming to
exploit the maximum directivity gain at the UE as shown in
Fig. [5] for a 2D space. In Fig. ] 2, ¢, and 1+ correspond to
the boresight angles of the BS’s beam, RIS’s beam, and angle
of arrival (AoA) of the signal at the UE, respectively in a 2D
space. Therefore, to maximize the directivity gain at the UE,
the passive beamfoming coefficients in A should be carefully
tuned to satisfy

p=T+Q— 1. 5)

Consequently, the dispersed received signals by the RIS wall
sensors are converged together as a beam to reach the sin-
gle UE’s antenna. Thanks to this passive beamforming, the
peak ERP of the refracted signal scales up by NZ2. The
array gain is assumed to be constant for all angles. Note
that the chipless RFID sensors are passive elements and do
not amplify the power of the signal by themselves. They
only adjust the phase of the signals to tune the radiation
pattern in another boresight angle. Thus, the thermal noise
is neglected in the impinging signal, since, ideally, sensors
do not need analog-to-digital/digital-to-analog converters, and
power amplifiers [7]]. However, there is an attenuation matrix
of B = [diag([By, - ,Bn_1])] where B, € [0 1) is the
attenuation factor for the n'” sensor. The attenuation factors
can be measured once for all sensors or even can be controlled
by the main RIS controller in more advanced RIS-sensor
designs [S[] for absorption purposes if needed. It is also
noteworthy that each bank of delay lines in RIS-sensors only
takes a finite number of discrete values due to implementation
constraints [10]]. Eventually, the adapted signals at RIS-sensors
for transition to the indoor space can be expressed as a vector
given by

y = ABVLHuz(t). (6)

D. Stage 4: RIS-UE Link

In indoor space, the large-scale pathloss is assumed to be
negligible due to the regular short distances. Moreover, the
RIS wavefront controller is supposed to have a passive beam-
forming codebook [5] to sweep its refracted beamforming
coefficients from the pre-designed codebook and select the
best beam based on the UE received training signal power.
More advanced wavefront controller as a cognitive engine
with machine learning capabilities can provide a wide range of
flexibility in intelligent beamforming. As discussed in [35]], the
RIS can maintain a database that records the optimal beams
for different indoor UE locations in the past and serve a new
UE whose location is available. The RIS can leverage its
database to efficiently find an initial set of indoor beamforming
coefficients by using machine learning based methods [3].

The indoor space is assumed to be a low mobility envi-
ronment with random blockages. Specifically, the RIS and
reflecting/scattering objects are assumed to be stationary but
blockages are random. It is justifiable with the fact that
the random obstacles are assumed as perfect blockers with-
out reflection/diffraction. Eventually, the refracted signal rays
travel through IV paths with deterministic baseband equivalent
channel vector of g = [go,---,gn_1]7] but with indoor
blockage vector of bi" = [ ... it T pit € {0,1} and

reach the single UE antenna as shown in Fig. ] (a). Therefore,
the RIS-UE link can be represented by vector q given by

a=b"og, @)

and from @)(G), the received signal at the UE with the
background noise w(t) ~ CA'(0,02) can be written as

2(t) =q" y +w(t)
=q" ABVLHws(t) + w(t). ®)

It is noteworthy that the deterministic independent Nakagami-
m small-scale fading is assumed for both outdoor and indoor
links to easily adapt the different degree of fading by changing
the value of m-parameter. We assume m-parameter is a positive
large integer number to approximate the small-variance fading
due to the nature of LoS links [31]. Thus, |h|*> and |g|?
are normalized Gamma deterministic variables. Additionally,
profiting from smart beamforming at the RIS, the delay of
paths at the UE is negligible and the impact of frequency-
selective fading can be neglected using advanced OFDM
numerology design [35] or frequency domain equalization
techniques [31].

Consequently, considering normalized message power, i.e.,
E{|s(t)]?’} = 1, and the RIS phase compensation, i.c.,
|hpe?27 g |2 = |hy|?|gn|?, the SNR at the UE becomes

N—-1
M?L 3 BuGy(én, 0n) | hnl?[gnl (05" b))
n=0
~ NC)

w

I' =

ag

E. Stage 5: Channel State Information

It is worthwhile to note that since random obstacles are
assumed to block a link without diffraction or reflection in
a static environment, the composite channel coefficients of
hngn for all N paths can be estimate(ﬂ once to create a pre-
designed passive beamforming codebook at the RIS controller
accordingly. Then, the RIS wall with its sensors profits from
a simple passive AoA localization [37], [38|] to find out
the direction of the UE’s training signal and select the best
beam for the intended indoor UE and subsequently perform
a phase-shift adjustment at its sensors. In other words, given
beam sweeping measurements, the beamforming vector can be
chosen from the pre-designed beam sweeping codebook.

F. Stage 6: Double Pathloss Effect of RIS Deployment

In a generic RIS deployment scenario, due to the passive
nature of the RIS-sensors, the signal suffers from double large-
scale pathloss; while profiting from the passive beamforming
at the RIS which causes the power of the refracted beam scales
up by N2. Thus, the received power at the UE, denoted by

P, follows )
P o
Ao iy
where d;, i € {outin} stands for BS-RIS and RIS-UE
distances. As observed in [15, Fig. 21], placing the RIS near
the UE yields the highest received power and minimizes the
double pathloss effect; while placing it around the middle

(10)

SUsing the fixed pilot pattern in LTE standard for slow fading channel
estimation in [36].
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between the UE and BS (usually optimal in the case of an
active relay instead of RIS) leads to the smallest received
power. Intuitively speaking, in our proposed RIS-assisted O21
communication, the RIS-wall is usually very close to the UE
compared the BS, i.e., di, < dou, which minimizes the double
pathloss effect. Additionally, due to the short distances in the
indoor space, the indoor large-scale pathloss is supposed to
be negligible. It is worth mentioning that minimization of the
double pathloss effect is not an additional assumption, but the
beauty of our key proposed RIS-assisted O2I communication
model.

In the following section, we explain the principles of the
blockage model in more details.

ITI. BLOCKAGE MODEL FOR O2I COMMUNICATION
DEPLOYMENT
Blockage results from three natural phenomena such as
static, dynamic, and self blockage [39]—[41] as shown in Figs.
Bl and
o Static blockage is a result of stationary objects like
buildings in the communication area;
o Dynamic blockage is due to mobile objects like humans;
o Self blockage is caused by user’s body orientation which
can block a link.

As shown in Fig. 3] we assume that the outdoor BS is at
high altitude and free of the outdoor dynamic blockage effect
caused by low altitude mobile objects like humans and cars.
Therefore, it is a feasible to assume only static blockage in the
outdoor BS-RIS link. On the other hand, in the indoor area,
both static and dynamic blockages are likely to happen. Here,
let ®, din and <I>i1“y denote the distributions of outdoor static,
indoor static, and indoor dynamic blockers, respectively. These
three distributions of blockers are assumed to be independent
homogeneous Poisson Point Processes (PPP). Furthermore,
AL [ ], Al [2L ] and )\g‘y [2] are blockers intensities in
@01][

Py, and @, respectively. Thus, the probabilities of

st st
having mj blockers in an area of 4; is

[X;Ai] oA
mt! ’
j

Pr[m;-] =

Y

where index of ¢ € {out,in} stands for outdoor/indoor spaces.
Additionally, index of j € {st,dy} indicates the type of
blockers, i.e., st: static, dy: dynamic. For instance, in Fig. |§L
the outdoor and indoor areas are Aoy = 7 (R + %)2 —a?, and
Ain = a2, respectively; where a is the square side of the intent
building. Moreover, the outdoor and indoor blockage factor for

RIS

Fig. 7: Tllustration of self blockage.

n™ link can be modeled as a Bernoulli random variable (r.v.)
which is given by

% 07
bn{ ,

where p; ,,, ¢ € {out, in} denotes the blockage probability for
nt" link.

(blockage)
(no blockage)

W.P. Pi,n

w.p. 1 —pip ’ (12)

A. Outdoor Blockage Model

The outdoor blockage is a result of outdoor static blockers.
For instance, buildings and trees are such static blockers in
the outdoor area. Note that between the BS and the RIS,
there is no self-blockage and low altitude mobile objects like
cars and humans are neglected due to relatively high altitude
communication. Therefore, pou,n 1S given by

Poun = 1 — Pr[po™ "€ 1), (13)

We assume that the static blockers are located randomly
represented by the process of random rectangles in [31], [42].
Subsequently, LoS probability of Pr[bo" *£° 1], using the void
probability in Poisson process [42], is given as follows

o, = Prlppt " 1] = ettt (14)
where 1y = 255 (B{L} + E{W}) and v, = \WE{L} E{W}
in which E{L} and E{WW} are the average of length and width
of the static blockers. ®; , is the 2D distance of BS from nth
RIS-sensor. 77 is a constant scaling factor incorporating the
height of blockers given in [42, Eq. (7)]. In other words, it
denotes conditional probability that the static blocker crossing
a link has enough height to block the link.

B. Indoor Blockage

The indoor blockage is a result of static, dynamic and self
blockages. Static blockers are such indoor fixed obstacles, e.g.,
desks, and dynamic blockers are like other people moving
around. Following [39] and (T3), pin,» can be given by

Pinn = 1 — Pr[p™ 2 1) Pr[p "2 1] pr[pin ). (15)
As shown in Fig. (7| Pr[b" = 1] becomes
B = Prlbr 21 = () (16)

where w € [0, U] is the angle of user’s body in which
signal is not blocked. In addition, similar to the outdoor static
blockage explained in previous subsection, the LoS probability
of Pr[b™ *£° 1] becomes

Pit, = Prfpl 1] = emmlmetentia) (17

where definitions of 7y, ko and v, are the same as those of
11, k1 and vj, respectively, but with respect to the indoor
static blocker parameters. In (I7)), % ,, denotes the 2D distance
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between n™ RIS-sensor and the UE’s antenna. Moreover, there
exist dynamic blockers that move in random directions with
the average speed of Vi, and may cross the communication
links and block them. As observed in [40]], the arrival of
dynamic blockers at the n™ link has Poisson distribution
with intensity of 3" (bl/sec) and the blockage duration has
exponential distribution with mean ﬁ (sec). Therefore, the
average number of dynamic blockers that block n™ link at

same time is ﬁ l"“ (bl). Particularly, /Bif (bl/sec) and p°" (1/sec)
are associated with average blocked and unblocked rates,

respectively [39]. Consequently, following [41, Eq. (5)], LoS

probability of Pr[bi" dynamic 1] becomes
in in dynamic "
dyn — Pr[bn = 1] = Bin + ,U/in’ (18)
where 8" is given by
- 2 .. H"—H
in _ = yin VI bl ue n 19
Bn - dy an_Hue-‘RZ 9 ( )

In above expression, H{,‘l‘, H,, and H,. are the heights of
the indoor dynamic blockers, n®™ RIS-sensor, and the UE,
respectively.

C. Towards Sophisticated Blockage Model

Our earlier analyses of LoS or blockage probabilities pre-
sumed independence between different links which has been
one of the basic assumption in most of the existing works [31]],
[39]-[42]]. However, the probabilities for different links are
not independent in real networks and there are potential
correlations of blockage effects between links specially when
there exists a large static blocker. This correlation is effective
here where there are a large number of co-located RIS-sensors
along with a single BS. For instance, a group of the paths

might be blocked by a large obstacle simultaneously. Fig. [§]
shows a conducted numerical result using MATLAB for a
specific scenario that indicates the joint blockage probabilities
of the paths are in range of ~ 1073 for the square array of
RIS-sensors with minimal distance of 1m between them. As
illustrated for m"™ and n'" sensors in Fig. EL m # n, when the
separation angle between the paths, i.e., ¥y 4, increases, the
probability that the paths being blocked with the same blocker
decreases. Note that a perfect blockage in n path happens
when the blocker obstructs the area of a,. Intuitively speaking,
the separation angle between paths justifies the joint probabil-
ity reduction in Fig. [§] when the number of jointly blocked
paths increases as well as the separation angle between them
increases. In Fig. [8] the jump in the joint blockage probability
when the whole N = 36 paths are blocked is because of the
fact that separation angle is zero for all paths. It explains that
a more sophisticated blockage model with multiple channel
states would require for accurate tracking of the evolution of
the channel state for each path and their correlation analysisﬂ
Such a correlation between the blockage of different paths
can be approximated and considered partially as in [43],
[44]. Along the similar lines of [43]-[45]], we can consider
a set of N paths and take into account the correlation of the
blockage across paths. Here, each path can have 2V — N — 1
correlation coefficients with other paths, i.e., proper subsets of
{1,---, N} excluding N single-element subsets. For instance,
let us assume the rectangular height for the static blockage,
i.e., a 3D object, along with its orientation angle, denoted by
O, in a second-order-diversity outdoor static blockage model.
Then, following the analysis in [43]] and using void probability
in Poisson process, we have

E{bUbo"} = Pr [bgrt "2 1, 5 2 1]

= exp (—)\‘S’ft/ / (am U an)> . (20)
o J(r+)s

which is equivalent to the joint LoS probability when all
blockages are outside the shaded area in Fig. 0]

Let p%"(m,n) denote the second-order-diversity outdoor
static LoS correlation coefficient between paths m and n,
(m,n=20,---,N —1, m # n), which can be estimated as
E{bte"} — E{b FE{t"}

Vouoq

out static out static out out
_ Pr[bm - 17bn - 1] - Pst,mpst,n

VPRSP (L — PR (1 — PR

pgtm(mv l‘l) =

21

However, (20) and 2I) are for the second-order statistics;
while for an accurate analysis, higher order statistics need
to be derived which are difficult to obtain. Hence, Fig. [I0]
depicts the numerical results of end-to-end blockage probabil-
ities with/without the blockage correlation on blockage. It is
shown that the gap between the correlated and independent
blockage models increases when either end-to-end distance or

SFor tracking of the evolution of the channel state for each path and their
correlation analysis, a multidimensional Markovian approach would need to
be developed in future work.
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blockage density increases. Accordingly, the following remark
concludes this subsection.

Remark 1: As numerically shown in Fig. [I0] when the
distance between two ends increases, the impact of blockage
correlation on the blockage probability becomes larger. This
is because of the fact that blockage probability, joint block-
age probability, and blockage correlation increase when the
distance increases. Intuitively speaking, when the end-to-end
distance increases, e.g., R — oo, a narrower beamforming
is required and therefore, all highly correlated N paths can
be treated as one single path. However, in smaller distances
shown in Fig. i.e., ~ 80m for outdoor and ~ 20m for
indoor, the blockage correlation model approaches the inde-
pendent blockage model (preferably for small A%"). Moreover,
with these reasonably short distances, the correlation between
paths becomes negligible when size of blockers are relatively
small compared to the end-to-end points [31]], [42]] and ignor-
ing the correlation of shadowing between links causes minor
loss in accuracy.

Without loss of generality, throughout this paper, for mathe-
matical tractability and similar to the works in [31], [39]-[42],
we assume that the correlation is negligible in the aforemen-
tioned short distances (as it does not affect the conclusions
of this study). Moreover, further investigation of blockage
correlation effect is deferred to the future work. Besides, we
assume that the size of blockers is small enough that the
blockage correlation effect of them is negligible.

IV. SNR COVERAGE ANALYSIS
The SNR coverage probability is the probability that the
received SNR is larger than a threshold. Let 7' denote the
threshold, then from (9), the SNR coverage probability be-
comes

Prl>T)=1-Pr{I' <T}. (22)
It is equivalent to the complementary cumulative distribution
function (CCDF) of SNR. In @]), for notational simplicity,zlet
Zn = b(:;nb;?s An = BnGb(¢7179n)‘hn|2|gn 2’ and g =ML

5.
Tw

Since Z,, € {0, 1}, Z2 = Z,, and (@) can be re-expressed as

N-1
T=0> Az

n=0

(23)

Then, the probability of blockage for the n'" end-to-end path
between the BS and UE becomes

pn =Pr{Z,=0}=1-Pr{Z, =1}
=1- [1 _pout,n] [1 - pin,n]

= Pout,n + Pin,n — Pout,nPin,n- (24)

With respect to Remark 1, the blockage distribution of each
equivalent link (Z,,) is defined as independent Bernoulli r.v.
with parameter p,, given in (24). Therefore, I" has a weighted
sum of independent Bernoulli trail. Since the probability mass
function (PMF) of the sum of weighted Bernoulli r.v.’s is com-
plicated [46]], [47], in order to find a closed-form expression
for the SNR coverage probability, we consider two different
approximations as follows.

A. Approximation-1

In this approximation, we consider a wide RIS-wall con-
taining a large number of sensors. Therefore, we state the
following proposition.

Proposition 1. The O21 SNR coverage probability when the
RIS-wall contains a large number of sensors is given by

1’—;A4)

Oz

Pr[F>T}:Q< 25)

where M and o2 are the mean and variance of T given as

N-1
E{T} =G Y Au(1—pn) =M, (26)
n:ON_1
27)

Var{l'} = G Z Ai(l — Pn)bn = Ug'
n=0

Proof. In the literature, the RIS is mostly known as large
intelligent surfaces with a large number of elements on it [6],
[48]. Therefore, if the number of elements is large enough,
profiting from central limit theorem, the PMF of I" can be
approximated by a Gaussian distribution function with mean
M and variance of o2 as follows.

1 (T — M)?
T) = —_——. 28
O e B
Eventually, the coverage probability becomes
T —
Pr[I‘>T}—Q< M)
Oz
O

The accuracy of this approximation is quiet satisfactory for
large RISs since the weights of 4,, hold specific values with
small variance [47]. Fig. [TT] shows that this PMF approxima-
tion coincides the simulation results for large RISs.

However, the accuracy of Approximation-I becomes poor
for a small N. In such a rare case where N is small, e.g.,
N < 20, we are able to find out the outage probability using
numerical techniques to take into account all combinations.
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B. Approximation-I11

In this approximation, we restrict A,, in (23) to take an av-
erage of SNR coverage probability, specially when NN is small
and Approximation-I might not be applicable. Therefore, we
state the following proposition.

Proposition 2. The average O2I SNR coverage probability
when A, in is restricted to be fixed for all N paths, i.e.,
vn — A, ~ A=E{A,} is approximated by

Pr [FIII > T‘T = kgA} >

k N N
1 |
=Y wrr I e - na -], @)
=0 n=1

q=0

where

N-1 25
FIII - QA Z Zn and C= exp |:]:| .
n=0

N+1 (30)

Proof. The proof of this proposition is given in Appendix. [

Apart from above approximations, using Chernoff bound
and profiting from theorems 1 and 2 in [46], we respectively
have upper Chernoff bound on the SNR coverage probability
as follows.

{ Pr[L > T|T < M] <1—(2—=T/M) M M-T)

Pr[l > T|T > M| < (T/M) " eT-M)
(31)

V. NUMERICAL RESULTS

In this section, the performance of the proposed method
under different scenarios is evaluated. The evaluations include
A) SNR coverage comparison between RIS-assisted model
and its counterparts, B) Impact of blockage density on SNR
coverage performance, and C) Impact of RIS size and blockage
probability on SNR.

We use MATLAB and consider a UPA RIS-empowered wall
with area of 20 x 20 m2; where the rest of the parameters
used in the simulations are given in TABLE [[|unless otherwise
specified.

A. SNR coverage comparison between RIS-assisted model and
its counterparts

Fig. |12| compares the RIS-assisted model and its two coun-

terparts in terms of the SNR coverage performance. For this

TABLE I: System numerical parameters.

System parameters Corresponding value

Signal power (downlink) 30 dBm
Pathloss exponent, o 4
BS antenna array size, M 64
Noise floor power -110 dBm

Small-scale fading ~Nakagami(3,1)
Sensor attenuation factor, B, 0.9

Sim., N=64

r Appr. I, N=64
= = = Sim., N=36
Appr. I, N=36
Appr. II, N=36
r —#— Sim., N=9
— 3 = Appr. II, N=9
—&— Relay [29]

—8B— Clear glass [49]
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Fig. 12: SNR coverage performance w.r.t. the SNR threshold.

set of simulations, the location of the outdoor BS is fixed in
60 m distance from the intent building wall empowered by
RIS-sensors and the indoor UE is in 10 m distance of the RIS
wall. The height of the BS and the building level where the UE
is located are set as 200 and 100 meters, respectively. Among
different building materials, glass windows are considered
critical materials for designing and optimizing O2I coverage
since their penetration loss is less than that of other building
materials which depends on the composition, thickness, and
layers of windows and varies greatly over frequency [26], [49].
We consider a clear glass with a penetration loss of 3.6 dB
in 28 GHz according the model in [49]. Moreover, for the
relay-assisted model we use the existing model in [29]. For
outdoor blockage: A3 = 252, E{W} = E{£} = 10m,
n1 = 0.5, and for indoor blockage: A = 0.1-2%, )\(ij“y =0.12,

HY = 2m, E{W} = E{L} = 0.5m, 72 = 0.25, puy, = 1s,
Vin = 0.52,

As shown in Fig. [I2] the RIS-assisted model outperforms
both of its counterparts. In other words, the RIS-assisted O2I
communication model overcomes the penetration loss due to
the building materials. Furthermore, the proposed RIS-assisted
model provides a diversity gain due to the wide surface
of the RIS. As a result, the blockage probability becomes
lower than that of the similar relay-aided counterpart in [29].
Additionally, as the number of RIS-elements increases, the
SNR coverage performance increases. We can see that the
Approximation-I agrees with the simulation results especially
when N is relatively large. Besides, Approximation-II gives
a wide range of the SNR coverage performance when N
is relatively small, e.g., N = 9. It is evident that in such
a small N case, more precise approximation of the outage
probability using numerical techniques by taking into account
all combinations can be obtained.
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B. Impact of blockage density on SNR coverage performance

This subsection evaluates the SNR coverage performance
of the proposed RIS-assisted O21 communication model when
the indoor static blockage density increases. For this set of
simulations, the blockage parameters are the same as those
in the previous subsection. As shown in Fig. when AN in-
creases, the SNR coverage probability decreases. This happens
because the increase of AN results in the increase of blockage
probability as shown in Fig. [I0] Likewise, an increase of
either A9 or )\g;, has the same impact on the SNR coverage
performance of the proposed model.

C. Impact of RIS size and blockage probability on SNR

As the third evaluation, Fig. [T4] shows the impact of the
number of RIS-sensors (i.e., RIS-size) and the blockage prob-
ability on the SNR coverage performance of the RIS-assisted
O2I communication. As it is shown, /N has a significant impact
on the SNR performance and can overcome the blockage
when RIS-size increases. In this simulation, the area of RIS
wall is set to 20 x 20 m2. However, in worse conditions that
obstacles size is big and the blockage correlation between the
paths is high, further increase of RIS-sensors may require to
accompany with a wider RIS-wall to overcome blockage and
also satisfies the assumption in Remark 1. Nevertheless, there
might be practical constraints that restrict the further increase
of RIS size which is a bottleneck of the proposed idea but
it is still a better solution compared to its counterparts in the
similar blockage situations.

VI. CONCLUSIONS

We developed RIS empowered wall for intelligent transition
of the signal from outdoor to indoor space to ameliorate
the bottleneck of existing O2I mmWave communication. We
exploited the metasurface design for O2I refractor based on
our new idea of developing wall-based fabrication consisting
of several chipless RFID sensors into the building wall using
outdoor and indoor antennas, which can potentially form a
system that will transport the signal from the O2I space. The
chipless RFID sensor used in the design includes a bank
of delay lines that can be controlled by the RIS phase-shift
controller to adjust the phase-shift at the sensor and execute
passive beamforming at the RIS wall towards the indoor UE.
We used mathematics as a tool for reasoning the feasibility
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Fig. 14: SNR coverage performance w.r.t. the p and N when T' = 22 dB.

of the proposed system with approximations for the signal
strength and O2I communication and evaluating the blockage
effect of the developed system.
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APPENDIX
DERIVATION OF PROPOSITION 2

PMF analysis of I' in (23)) for small IV is quite complicated.
Here we aim at restricting \4,, to simplify the analysis when
N is small. Here, it is a well-known fact that the small-
scale fading at mmWave bands is much less severe than that
in low/medium frequency bands due to narrow beamforming
[31)]. Thus, a large Nakagami-m parameter can be used to
approximate the small-variance LoS fading. Moreover, thanks
to the B,, factor and having close and limited number of links,
they result in stationary and relatively equivalent amplitudes of
A,,. Thus, under these special circumstances, we can assume
that the difference between the amplitudes of A,, coefficients
is negligible (i.e., the path gains vary slowly) and consider
them as one recommended average value as follows.

vn  — A, ~E{A4,} = A (32)

Consequently, the expression in (23)) can be rewritten as

N-1

'm=GA Z s

n=0

with a Poisson binomial distribution. Thus, its closed-form
PMF becomes

PI‘{FH] = kQA} == Z H(]- - pz) H ng

Gel, 1€eG 1€Ge

(33)

where I is the set of all subsets of &k integers that can be
selected from {1,--- , N} and G° is the complement of G.
Therefore, the coverage probability when RIS contains low
number of elements becomes

Pr(Cm > TIT =kGA =1-Y_ > JJ(—») [] »-

g=1Gel, 1€G 1EGE
(34)



I contains ﬁ elements which results in computation
complexity in practice, but still suitable when N is small.
Besides, the PMF in (33) can be simplified utilizing discrete
Fourier transform (DFT) [51]] as follows

PI‘{FH[ = k’g.A} -

N N
1

—— ) ™ 1+ = 1)1 —p, 35

NH; nll[ﬂ J1=pa)], G5

where C = exp [ ]\2,{:71} Therefore, the SNR coverage proba-

bility can be re-expressed as

Pr [FH] > T|T = k‘g.A] =

k 1 N N
1_;071\[“;0*“7111 [T+ ("= 1)(1—p,)].

The analysis is complete.
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